Abstract. We present a technique for real-time rendering of teeth with no need for computational or artistic preprocessing. Teeth constitute a translucent material consisting of several layers; a highly scattering material (dentine) beneath a semitransparent layer (enamel) with a transparent coating (saliva). In this study we examine how light interacts with this multilayered structure. In the past, rendering of teeth has mostly been done using image-based texturing or volumetric scans. We work with surface scans and have therefore developed a simple way of estimating layer thicknesses. We use scattering properties based on measurements reported in the optics literature, and we compare rendered results qualitatively to images of ceramic teeth created by denturists.
Introduction
It is possible with existing scanning and rendering techniques to create highly realistic digital versions of real actors. These digital versions can blend in naturally with real characters in feature films [1] . The main problem with this type of digital (face) acquisition is the cost in artistic preprocessing. In the cited work, this preprocessing takes up three months of an artist's time, just to refine rendering parameters and do compositing. Once acquired, the digital actor can be rendered in photorealistic movie production quality, or, as an alternative, rendered in real-time at a lower but still relatively high level of realism. However, when we impose a real-time constraint, the eye and mouth regions especially become less realistic [2] . Since mouth and eyes are areas of the face that in particular draw attention, realistic real-time rendering of teeth has been identified as an important avenue for future work [2] .
In this paper, we aim at realistic real-time rendering of teeth that does not require artistic preprocessing, image-based texturing, or precise knowledge about the internal structure of teeth. We constrain our rendering technique in this way because it is intended for use in the dental industry. New scanners have been developed that enable fast in-clinic dental impression scanning [3] . Such scanners capture the surface geometry of teeth and eliminate the need for difficult and time consuming plaster casts. If rendering of the scanned teeth is realistic, the dentist can talk to customers about options with respect to crowns or bridges shortly after scanning the oral cavity. Thus these new scanners generate a demand for a rendering technique for teeth that adheres to the constraints mentioned above.
The appearance model we present for teeth maintains a strong coupling to existing models for subsurface scattering. In particular, we use a model for single scattering in multiple layers by Hanrahan and Krueger [4] . We combine this model with a technique for real-time skin rendering by Hable et al. [5] , in order to estimate the multiple scattering component. Finally, we introduce adjustments to better capture the visual traits of the tooth material while keeping frame rates above 20 fps. By following this particular design, the model has maintained a level of generality that should make it useful for rendering any translucent material with a semi-transparent coating (porcelain is another example).
Related Work
Little work has been published on realistic rendering of teeth. The work most closely related to ours is the layered model presented by Shetty and Bailey [6] and by Shetty [7] . However, artistic preprocessing is needed in order to define the distribution of dentine inside the teeth. This means that the model is only suitable for library tooth geometry and therefore not well-suited for the application we have in mind.
Using a CT scanner, it is possible to capture a volumetric description of a set of teeth. Volume visualisation techniques are typically used to render such a scan [8, 9] . This has the purpose of visualising the different layers of the teeth rather than reproducing their appearance. It is, however, possible to extract the surfaces of the different layers from a CT scan and use them for rendering. Kim and Park [10] and Rhienmora et al. [11] did this to develop systems to be used in training situations for dentists. Their systems include real-time visualisation of teeth, but the authors focus on haptic rendering rather than visual realism, and, apparently, they use the standard OpenGL pipeline. To improve visual quality and render rate, Yau and Hsu [12] use surfel models and surfel rendering for their dental training system. However, they do not include any translucency effects.
We have found no previous work where layer surfaces extracted from a CT scan have been used to enhance the rendered appearance of a tooth. Although we focus on surface scans, the rendering technique we present would also apply to a tooth surface extracted from a CT scan. And precise knowledge about the dentine surface beneath the enamel should lead to a higher degree of realism.
Wang et al. [13, 14] have developed a dental training system based on surface scans of teeth. They face the same problem as we do, namely that they have to estimate the layered geometry inside a tooth. As far as we can tell, they do this manually. They use the tooth's layers, not to get translucency effects in the graphical rendering, but to get effects in the haptic rendering and to display different colours for different tissue types as the dentist drills into the tooth. Again, shading seems to be done using the standard OpenGL pipeline.
Another approach to rendering teeth is image-based texturing. The best example of the realism that can be achieved with this approach is probably the teeth of the digital actress Emily [1] . As discussed in the introduction, the artistic
